Oral anticoagulation in addition to antiplatelet treatment after an acute coronary syndrome might reduce ischaemic events but increase bleeding risk. We performed a meta-analysis to evaluate the efficacy and safety of adding direct thrombin or factor-Xa inhibition by any of the novel oral anticoagulants (apixaban, dabigatran, darexaban, rivaroxaban, and ximelagatran) to single (aspirin) or dual (aspirin and clopidogrel) antiplatelet therapy in this setting.
Introduction
Despite contemporary evidence-based care, 1 -4 including revascularization and dual antiplatelet therapy, patients with acute coronary syndromes (ACSs) remain at risk of recurrent ischaemic events. Oral vitamin K antagonists have been shown to prevent recurrent ischaemic events after ACS, both as mono-therapy and in combination with aspirin, but substantially increase bleeding and are cumbersome to use because of multiple interactions with food and drugs, and the need for frequent laboratory monitoring. 5, 6 Evidence regarding the efficacy and safety of the combination of dual antiplatelet therapy and old oral anticoagulants, i.e. vitamin K antagonists, is limited but registry data indicate a high risk of major bleeding. 7 New oral anticoagulants offer advantages to warfarin for stroke prevention in atrial fibrillation. 8 -10 Their potential as antithrombotic therapy after ACSs has been investigated during the last years. The first experience in this setting used an oral direct thrombin inhibitor, ximelagatran, later withdrawn from the market because of liver toxicity, and showed a reduction in the composite of death, myocardial infarction, and stroke when added to aspirin for 6 months after an ACS. 11 Another oral direct thrombin inhibitor, dabigatran, and three novel oral direct factor Xa inhibitors-apixaban, rivaroxaban, and darexaban-added to single and/or dual antiplatelet therapy have recently been evaluated in phase II trials in ACS patients. 12 -15 All phase II trials have shown a definite increase in the incidence of bleeding with the combination of oral anticoagulation and antiplatelet therapy, but were under-powered for the evaluation of efficacy. The phase III study with apixaban 16 in high-risk ACS patients, in doses shown to be effective for stroke prevention in atrial fibrillation, was terminated prematurely due to increased bleeding without evidence for efficacy. The phase III study with rivaroxaban, 13 in doses lower than evaluated for stroke prevention in atrial fibrillation, showed significant reductions in the composite of death, myocardial infarction, and stroke overall and at each dose and reductions in mortality, but also an increased rate of major bleeding. Given the consistent increases in bleeding and the less consistent reduction in ischaemic events, the overall benefit-risk profile of adding new oral anticoagulants to antiplatelet treatment after an ACS is unknown. We hypothesized that the addition of a novel oral anticoagulant to antiplatelet therapy after an ACS would decrease subsequent major adverse cardiovascular events (MACEs) but increase bleeding; that these effects would vary by the number of concomitant antiplatelet drugs; and that the effects on bleeding would be inversely related to the effects on MACEs.
Methods

Identification of studies
The present meta-analysis did not have a registered review protocol. Information sources for identification of studies were PubMed, Scopus, Web of Knowledge, reference lists of articles, and personal knowledge of the field through participation in the studies. Outcomes, data collection, and quality assessment
The collected data items included inclusion criteria, exclusion criteria, interventions (the randomized anticoagulant treatment as well as treatment with antiplatelet drugs aspirin and/or clopidogrel), effect estimates from the comparisons made, follow-up time, and definition of outcomes (MACEs and major bleeding events).
In the ESTEEM 11 study only single antiplatelet therapy with aspirin was allowed, while the APPRAISE-1, 12 APPRAISE-2, 16 and ATLAS ACS-TIMI 46 13 recruited patients either on single (aspirin) or dual antiplatelet therapy with aspirin and clopidogrel, see Table 1 , and these patients were analysed stratified on their antiplatelet therapy status at the time of randomization in the present study. In the REDEEM, 14 RUBY-1, 15 and ATLAS ACS 2 -TIMI 51 17 studies, the vast majority of patients received dual antiplatelet therapy at randomization, i.e. 98, 95, and 93%, respectively, and all patients in these studies were thus considered as receiving dual antiplatelet therapy in the present analysis. Eligible patients were men or women with ACS with or without ST-elevation within 7 -14 days before randomization. In addition, patients had one or more of following additional risk factors; age ≥65years, prior myocardial infarction, diabetes mellitus, congestive heart failure or a left ventricular ejection fraction ,40%, no revascularization for the index event, mild to moderate renal insufficiency, peripheral vascular disease, or previous ischaemic stroke in all studies, except the ATLAS ACS-TIMI 46 in which no additional risk factor was required and the ATLAS ACS 2 -TIMI 51 study in which subjects who were 18 -54 years of age had to have either diabetes mellitus or a prior myocardial infarction in addition to the presenting ACS event. The main exclusion criteria for all seven trials were; planned percutaneous coronary intervention, ongoing or planned treatment with vitamin K antagonist, recent stroke, conditions associated with an increased bleeding risk, e.g. anaemia, thrombocytopenia, and a history of severe bleeding.
The groups of patients receiving at least one dose of the studied dosages of the novel oral anticoagulants ximelagatran, dabigatran, and darexaban in the phase II trials ESTEEM, 11 were included. All the phase II studies aimed at 6 months of treatment and followup. The phase III studies had a longer follow-up, in the APPRAISE-2 study the mean follow-up was 8.2 months, while the ATLAS ACS 2 -TIMI 51 had treatment duration of the mean 13 months and up to 31 months; we therefore also analysed associations of treatment with risk of ischaemic and bleeding events in a subgroup of these phase III studies.
The MACE outcome was defined as the composite of all-cause mortality, myocardial infarction, or stroke in all studies in this meta-analysis. Myocardial (re-)infarction was in all trials defined as elevated cardiac biomarkers together with ischaemic symptoms or ECG-changes (ST-elevation or -depression, new left bundle branch block, or new Q-waves). Stroke was defined as an acute onset of focal neurological deficit of presumed vascular origin lasting for 24 h or more and further categorized as haemorrhagic or ischaemic after imaging. We No. of patients treated with daily doses also evaluated in phase III study. retrieved data for some non-published composite outcomes for dabigatran, apixaban, and darexaban studies after contact with the original study authors. Major bleeding events assessed by the International Society of Thrombosis and Haemostasis (ISTH) definition 18 were reported in the trials with ximelagatran, dabigatran, apixaban, and darexaban. An ISTH major bleeding is defined as a bleeding that was fatal, occurred in a critical location (intracranial, intraspinal, intraocular, retroperitoneal, intra-articular, intramuscular with compartment syndrome, or pericardial), or was associated with a fall in haemoglobin of 2 g/dL or more, or a transfusion of two units or more of whole blood or packed red blood cells. Clinically relevant minor bleeding was in these studies defined as a clinically overt bleed that did not meet the criteria for major bleed but prompted a clinical response, i.e. hospital admission for bleeding, medical or surgical treatment, or a change in antithrombotic therapy including interruption or discontinuation of study drug.
In the present meta-analysis, a clinically significant bleeding was in all studies, except those with rivaroxaban, defined as the composite of major (ISTH) and clinically relevant minor bleeds, i.e. the primary outcome event for the phase II studies with apixaban, dabigatran, and darexaban and a secondary safety outcome in the phase III study with apixaban. The studies with rivaroxaban, 13, 17 and also the studies with apixaban, 12, 16 reported bleeding events by the Thrombolysis in Myocardial Infarction (TIMI) definitions. 19 A TIMI major bleeding is defined as any intracranial bleeding or clinically overt bleeding associated with a decrease in haemoglobin of ≥5 g/dL or an absolute drop in haematocrit of ≥15%. TIMI minor bleeding is defined as any clinically overt bleeding event, including bleeding that is evident on imaging studies, that is associated with a decrease in haemoglobin ≥3 g/dL but ,5 g/dL. Bleeding requiring medical attention is defined as any bleeding requiring medical or surgical treatment or laboratory evaluation without meeting criteria for TIMI major or minor bleeding. In the present meta-analysis, a clinically significant bleeding was defined as a the composite of TIMI major bleeding, TIMI minor bleeding, or bleeding requiring medical attention in ATLAS ACS-TIMI 46 study, 13 and a TIMI bleeding requiring medical attention in the ATLAS ACS 2 -TIMI 51 study. 17 In the subgroup analysis of the two phase III studies, the MACE outcome was similarly defined as the composite of all-cause mortality, myocardial infarction, or stroke, while only major bleeding events were evaluated, defined as TIMI major bleeding in the APPRAISE-2 study 16 with apixaban, and TIMI major bleeding not related to coronary-artery bypass grafting in the ATLAS ACS 2-TIMI 51 study 17 with rivaroxaban, which were the primary safety outcomes in these studies. Risk of bias within studies was judged by proper blinding and the presence/absence of a placebo-controlled arm.
Statistical analysis
The principal summary measure was the hazard ratio (95% confidence interval), supplemented by absolute risk reduction (risk difference) (95% confidence interval). Because numbers needed to treat for an additional beneficial (NNTB) or harmful (NNTH) outcome must be calculated using a homogenous follow-up time, these properties were calculated from pooled hazard ratios using only the phase II studies with 6 months follow-up, and using the pooled 6-month risks of control arms of these studies as assumed control risks. We did not have access to individual participant data. Data were summarized across treatment arms using the DerSimonian and Laird random effects model. 20 Subgroups based on single vs. dual concomitant antiplatelet therapy, and treatment with direct thrombin inhibitors vs. direct factor Xa inhibitors, were compared using fixed-effects models with inverse variance weighting. We evaluated heterogeneity of effects using the I 2 statistic. We assessed risk of publication bias using a funnel plot and Egger's test, 21 involving all of the treatment arms and the primary outcome MACEs. To investigate the association between the intended effects on MACEs and the side effects of bleeding, we performed a pre-specified random-effects meta-regression with the hazard ratio of MACEs as independent and hazard ratio HR of bleeding as dependent variable (hazard ratios for both outcomes are comparing the active arm against placebo). This meta-regression was stratified on the number of antiplatelet drugs (the total weight was 100% within each stratum). We used Stata 12.0 for all analyses.
Results
The search strategy identified 168 potential articles, of which 13 were read in full text (Figure 1 ). ) rendered a study base of 30 866 patients with a recent ACSs, 4135 (13.4%) in the single antiplatelet therapy group and 26 731 (86.6%) in the dual antiplatelet therapy group. Details of these studies are outlined in Table 1 and Supplementary material online, Table S1 .
All of the studies were double blind, placebo-controlled, with outcome assessment by independent adjudication committees unaware of treatment assignment, and had descriptions of number and reasons for losses to follow-up; therefore, risk of bias within studies was considered low. Because all studies had very similar inclusion and exclusion criteria and length of follow-up, risk of bias across studies was also low. No evidence of publication bias was observed (Egger's bias coefficient 0.04, P ¼ 0.86; Supplementary material online, Figure S1 ). All trials were sponsored by the pharmaceutical industry. Statistical analyses in the apixaban and rivaroxaban studies were performed by research organizations independent of the sponsors, i.e. Duke Clinical Research Institute, 12, 16 Durham, NC, USA and the TIMI study group, 13, 17 Brigham and Women's Hospital and Harvard Medical School, Boston, MA, USA, respectively. Statistical analyses in the ximelagatran, 11 dabigatran, 14 and darexaban 15 studies were performed by the sponsors but the principal investigators of the studies had access to all data. In patients receiving single antiplatelet therapy (aspirin), additional treatment with an oral anticoagulant on average decreased the rate of MACEs by 30% (Figure 2) , with similar effects for ximelagatran, apixaban, and rivaroxaban (I 2 ¼ 0%). In those studies, the rate of clinically significant bleeding events increased with 79% ( Figure 3) . No heterogeneity of effects on bleeding could be discerned (I 2 ¼ 0%). In patients on single antiplatelet therapy, 6-month rates of MACEs were 15% (149/1000) and 6-month rates of clinically significant bleeding were 9% (89/1000). Additional treatment with an oral anticoagulant for 6 months prevented 44 MACEs (NNTB 22) and caused 70 additional clinically significant bleeding events (NNTH 14) per 1000 patients. In patients treated with dual antiplatelet therapy (aspirin and clopidogrel), the addition of an oral anticoagulant decreased the rate of MACEs by 13% (Figure 2) , with negligible heterogeneity between New oral anticoagulants after an ACS: a meta-analysis the drugs apixaban, rivaroxaban, dabigatran, and darexaban (I 2 ¼ 0%). In contrast, additional treatment with an anticoagulant led to an increase in clinically significant bleeding rate by 134% ( Figure 4) , with low heterogeneity between treatment arms (I 2 ¼ 19%, mainly explained by heterogeneity between the two rivaroxaban arms in the ATLAS ACS 2-TIMI 51 study). In patients on dual antiplatelet therapy, 6-month rates of MACEs were 4% (43/ 1000) and 6-month rates of clinically significant bleeding were 3% (31/1000). Additional treatment with an oral anticoagulant for 6 months prevented 5 MACEs (NNTB 187) and caused 42 additional clinically significant bleeding events (NNTH 24) per 1000 patients.
In the subgroup of phase III studies, the addition of apixaban 5 mg b.i.d. to single or dual antiplatelet therapy or the addition of rivaroxaban 2.5 or 5 mg b.i.d. to dual antiplatelet therapy on average decreased the rate of MACEs by 15% and increased the rate of TIMI major bleeding more than three-fold ( Figure 4) , with low heterogeneity between treatment arms (I 2 ¼ 0 and 19%, respectively) although with wide confidence intervals for the smaller group of patients receiving apixaban and only one antiplatelet drug. The gain in protection against MACEs was larger when adding an anticoagulant to single than to dual antiplatelet therapy ( Figure 2) , P ¼ 0.03 for heterogeneity between effects. Effects on bleeding were smaller when adding an anticoagulant to single than to dual antiplatelet therapy ( Figure 3) , P ¼ 0.02. No consistent differences were observed between subgroups of direct thrombin inhibitors and direct factor Xa inhibitors regarding effects on MACEs or bleeding, either as addition to single or dual antiplatelet therapy, all P ≥ 0.19.
There was a non-significant tendency to an inverse association between the effect on MACEs and the effect on clinically significant bleeding when adding an anticoagulant to single antiplatelet therapy, but no association when adding an anticoagulant to dual antiplatelet therapy ( Figure 5 ).
Discussion
In this meta-analysis of patients with a recent ACS, the addition of a new oral anticoagulant to antiplatelet therapy led to a modest reduction in cardiovascular events but a substantial increase in bleeding, most pronounced in patients receiving dual antiplatelet therapy. The strength of the evidence was high for both outcomes and in patients using one as well as two antiplatelet drugs.
There was little heterogeneity between the different anticoagulant treatments and the different trials. The results were similar in the phase II trials and in the phase III trials that provided the majority of events because of higher patient numbers and longer adverse cardiovascular events after an acute coronary syndrome. Effect estimates of individual study arms with horizontal lines representing 95% CI; coloured diamonds, subtotal effects and 95% CI from random effects models for direct thrombin inhibitors and factor Xa inhibitors, respectively, and overall effects in addition to single and dual antiplatelet therapy; Open diamonds, subtotal summary effects and 95% CI from random effects models per trial; HR, hazard ratio; CI, confidence interval; ARR, absolute risk reduction (risk difference); b.i.d., twice daily; o.d., once daily; MACE, major adverse cardiovascular events, i.e. a composite of all-cause mortality, myocardial infarction and stroke.
New oral anticoagulants after an ACS: a meta-analysis Figure 3 Effect of adding an oral anticoagulant to single (aspirin) or dual (aspirin and clopidogrel) antiplatelet therapy on rate of clinically significant bleeding events after an acute coronary syndrome. Effect estimates of individual study arms with horizontal lines representing 95% CI; coloured diamonds, subtotal effects, and 95% CI from random effects models for direct thrombin inhibitors and factor Xa inhibitors, respectively, and overall effects in addition to single and dual antiplatelet therapy; open diamonds, subtotal summary effects, and 95% CI from random effects models per trial; HR, hazard ratio; CI, confidence interval; ARR, absolute risk reduction (risk difference); b.i.d., twice daily; o.d., once daily. treatment exposure and follow-up. No differences were observed between direct thrombin inhibitors and direct factor Xa inhibitors. There was no significant association between the oral anticoagulant treatments' effects on MACEs and effects on clinically significant bleeding, implying that there is no simple trade-off between protective and adverse effects of these drugs after ACSs in patients receiving single or dual antiplatelet therapy. Under the questionable assumption of equal clinical importance of bleedings and the components of MACEs, the net clinical benefit (NNTB minus NNTH) was unfavourable overall. It tended to be better when adding an anticoagulant to single than to dual antiplatelet therapy, but some overlap between those two groups of studies was seen. The results support the concept that treatment with new oral anticoagulants may reduce ischaemic events after an ACS. However, in combination with dual anti-platelet therapy, no specific treatment or dosing regimen avoided a substantial increase in major bleeding.
The reduction of ischaemic events by the new oral anticoagulants was most promising when added to single antiplatelet therapy with aspirin. However, single antiplatelet treatment is rarely used because many ACS patients are treated with percutaneous coronary interventions and stents, and current guidelines 1 -4 recommend that all post-ACS patients should receive up to 12 months of dual antiplatelet treatment. 22 Thus, the most striking results of this meta-analysis concern the high bleeding rates in combination with only modest reductions in MACEs in the large groups of patients receiving combinations of new oral anticoagulants with dual antiplatelet therapy.
The reviewed trials were all designed and performed at a time when clopidogrel was the only available P2Y12 inhibitor. Recently, acute and long-term treatment combining aspirin and new P2Y12 inhibitors, either prasugrel 23 or ticagrelor, 24 have been shown more effective than clopidogrel for the prevention of MACEs during and after ACS, and prasugrel or ticagrelor is now considered the preferred P2Y12 inhibitors in patients with ACS. 3, 25 Longterm treatment with any of these new antiplatelet agents was, compared with clopidogrel, associated with a modest increase, up to 35%, in major non-CABG-related bleedings, in contrast to Figure 4 Effect of adding an oral anticoagulant to single (aspirin) or dual (aspirin and clopidogrel) antiplatelet therapy on rates of major adverse cardiovascular events (A) and TIMI major bleeding events (B) after an acute coronary syndrome in a subgroup of phase III studies. Effect estimates of individual study arms with horizontal lines representing 95% CI; coloured diamonds, subtotal effects, and 95% CI from random effects models for direct thrombin inhibitors and factor Xa inhibitors, respectively, and overall effects in addition to single and dual antiplatelet therapy; open diamonds, subtotal summary effects, and 95% CI from random effects models per trial; HR, hazard ratio; CI, confidence interval; ARR, absolute risk reduction (risk difference); b.i.d., twice daily; o.d., once daily; MACE, major adverse cardiovascular events, i.e. a composite of all-cause mortality, myocardial infarction and stroke.
New oral anticoagulants after an ACS: a meta-analysis the findings of the present study of more than three-fold increase in major bleeding events when adding the new oral anticoagulants to aspirin and clopidogrel. The addition of a new oral anticoagulant to aspirin and any of ticagrelor or prasugrel has not been thoroughly evaluated and might expose the patients to even larger risks of major bleeding with even more limited expectations for further reductions in MACEs. Therefore, in patients receiving oral anticoagulant therapy the combination of aspirin and clopidogrel will probably still be the most widely used dual antiplatelet strategy after an ACS. It will be challenging to identify settings where the incremental benefits of an oral anticoagulant in addition to aspirin in combination with prasugrel or ticagrelor can be utilized without exposing the patient to unacceptable risks of major bleeding, unless doses are drastically reduced. Further studies evaluating this concept are clearly warranted. The majority of the patients and events in this meta-analysis were accrued from the two phase III trials. The bleeding results in these two large trials were consistent with the phase II experiences. The bleeding outcomes were also very similar between the two phase III trials, albeit with numerically larger relative increase in bleeding in the concluded ATLAS ACS 2 -TIMI 51 trial 17 than the prematurely terminated APPRAISE-2 trial. 16 A modest reduction in MACEs was also seen in both these phase III trials, significant only in the ATLAS ACS 2-TIMI 51 trial 17 but not in the APPRAISE-2 trial, 16 although the premature termination and shorter duration of treatment in the latter trial may have limited the statistical power to detect associations with both bleeding and MACE outcomes. As both rivaroxaban and apixaban are factor Xa inhibitors, it is likely that the meta-analysis result is the most plausible outcome when taking these treatments into real-life health care. This information might be useful when considering patients with a combination of atrial fibrillation and ACS, where a combination of anticoagulation and dual antiplatelet treatment is currently recommended for at least 1-6 months. 26, 27 Notably, the rivaroxaban doses, 2.5 or 5 and 5 mg twice daily, used in the ATLAS ACS 2 -TIMI 51 trial 17 in combination with ASA and clopidogrel were lower than the 20 mg once daily dose shown to be efficacious for stroke prevention in atrial fibrillation, 9 a setting where most patients are not receiving antiplatelet therapy.
Strengths and limitations
The strengths of this study are the inclusion of all published randomized, placebo-controlled phase II and III studies of novel oral anticoagulants; that risk of publication bias was very low as assessed by two methods; that the very few data points that were unavailable in the publications were successfully retrieved from the authors of the studies. Studies were all of high quality with low risk of within-study bias; and a pre-specified subgroup analysis of the phase III studies with longer follow-up gave similar results as the main analyses. The latter is particularly important since phase II dose ranging trials purposely explore the bleeding risk in relation to dose range and, therefore, may somewhat overestimate bleeding risk compared with the doses selected for testing in phase III studies. Supportive of the combination of these studies in a meta-analysis is the fact that all studies had nearly identical inclusion and exclusion criteria, definitions of MACEs, and length of follow-up in the phase II studies; and that heterogeneity of effects, estimated using the I 2 -statistic, was negligible in all comparisons. In a pooled analysis of several agents, it is nevertheless difficult to rule out an impact of the dose of these anticoagulants on clinical outcomes. Moreover, cross-trial comparisons should despite the similarities in inclusion and exclusion criteria and outcome definitions always be done with caution, e.g. regarding absolute risk reductions, and NNTB or NNTH. A potential limitation is the variation between studies in the definitions of bleeding outcomes. The definition of clinically significant bleeds as the composite of major (ISTH) and clinically relevant minor bleeding was identical in the studies with apixaban, darexaban, dabigatran, and ximelagatran and this composite was judged to be sufficiently comparable with the composite of TIMI major, TIMI minor, and bleeding requiring medical attention in the phase II study with rivaroxaban. Since the latter composite of bleedings based on the TIMI scale was not available from the phase III study with rivaroxaban, only TIMI bleedings requiring medical attention in this study were used in the present meta-analysis. This limitation is in part overcome by the use of hazard ratios instead of absolute event rates, and the results are further strengthened by the similar results in the subgroup analysis of TIMI major bleeding outcomes in the phase III studies. We did not separately analyse the MACE components, i.e. all-cause mortality, myocardial infarction or stroke in this meta-analysis since the event rates were deemed too low, mainly in the phase II studies.
Single or dual antiplatelet therapy was in this analysis based on treatment at randomization, but antiplatelet therapy was persistent throughout most of the observation periods for these studies including the phase III studies. 16, 17 Another limitation is the lack of separately evaluable results for the small proportions of patients on single antiplatelet treatment, i.e. 2, 5, and 7%, in REDEEM, 14 RUBY-1, 15 and ATLAS ACS 2 -TIMI 51 17 studies, respectively.
Conclusions
In patients with a recent ACS, the addition of a new oral anticoagulant to antiplatelet therapy leads to a modest reduction in cardiovascular events but a substantial increase in bleeding. These results are most pronounced when oral anticoagulants are combined with dual anti-platelet therapy with aspirin and clopidogrel. No new oral anticoagulant has been evaluated in addition to dual antiplatelet therapy with aspirin and any of the more efficacious novel P2Y12 inhibitors ticagrelor or prasugrel, a combination which might expose the patients to even larger risks of major bleeding with even lower expectations for further reductions in ischaemic events. Further studies evaluating new oral anticoagulants in combination with effective single antiplatelet therapy or shorter duration of triple antithrombotic therapy are warranted.
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